Background: Vesicular Na ϩ /H ϩ exchanger NHE5 is implicated in neuronal pH homeostasis, but its role is poorly understood. Results: Activation of AMP-activated protein kinase (AMPK) increases plasmalemmal NHE5 abundance and activity in response to metabolic stress-induced acidosis. Conclusion: Interaction of NHE5 and AMPK represents a novel mechanism for coupling energy metabolism to pH regulation in nervous tissue. Significance: These findings provide new insight into nervous system pH homeostasis.
Strict regulation of intra-and extracellular pH is an important determinant of nervous system function as many voltage-, ligand-, and H ؉ -gated cationic channels are exquisitely sensitive to transient fluctuations in pH elicited by neural activity and pathophysiologic events such as hypoxia-ischemia and seizures.
Multiple Na ؉ /H ؉ exchangers (NHEs) are implicated in maintenance of neural pH homeostasis. However, aside from the ubiquitous NHE1 isoform, their relative contributions are poorly understood. NHE5 is of particular interest as it is preferentially expressed in brain relative to other tissues. In hippocampal neurons, NHE5 regulates steady-state cytoplasmic pH, but intriguingly the bulk of the transporter is stored in intracellular vesicles. Here, we show that NHE5 is a direct target for phosphorylation by the AMP-activated protein kinase (AMPK), a key sensor and regulator of cellular energy homeostasis in response to metabolic stresses. In NHE5-transfected non-neuronal cells, activation of AMPK by the AMP mimetic AICAR or by antimycin A, which blocks aerobic respiration and causes acidification, increased cell surface accumulation and activity of NHE5, and elevated intracellular pH. These effects were effectively blocked by the AMPK antagonist compound C, the NHE inhibitor HOE694, and mutation of a predicted AMPK recognition motif in the NHE5 C terminus. This regulatory pathway was also functional in primary hippocampal neurons, where AMPK activation of NHE5 protected the cells from sustained antimycin A-induced acidification. These data reveal a unique role for AMPK and NHE5 in regulating the pH homeostasis of hippocampal neurons during metabolic stress.
Neuronal membrane excitability and neurotransmission are metabolically intensive activities that elicit transient fluctua-tions in intra-and extracellular pH (pH i and pH e , respectively) (1) . These pH oscillations further modulate electrical activity by regulating the conductance of various pH-sensitive neurotransmitter-, voltage-, and proton-gated ion channels (2) (3) (4) (5) . Indeed, such pH transients are thought to serve as a physiologically relevant feedback mechanism to control nervous system function (6 -8) . Conversely, extreme perturbations of pH homeostasis have been linked to certain pathophysiologies, including tissue damage arising from hypoxia and ischemia (9) and seizures (10, 11) .
Like other organ systems, neural pH homeostasis is maintained by a variety of membrane solute carriers, including Na ϩ /H ϩ exchangers (NHEs) 2 and assorted bicarbonate transporters (12, 13) . Much of our understanding of the contributions of the NHE gene family to nervous system function is derived from studies of the ubiquitous amiloride-sensitive NHE1 isoform, which fulfills not only a general role in maintaining cytoplasmic pH near neutral, but can also act specifically at nerve terminals to modulate synaptic transmission (14, 15) . Its functional importance is further highlighted by studies of Nhe1 null mice that exhibit ataxia, seizures, and selective loss of neurons in the cerebellum and brainstem (16 -18) . However, few deleterious changes were detected in other regions of the brain, implicating compensatory or unique contributions by other NHEs. NHE5 is of particular interest as its expression is largely confined to nervous tissue (19, 20) . In particular, NHE5 is thought to play a prominent role in controlling the pH i of hippocampal neurons. Unlike NHE1, NHE5 is more resistant to inhibition by amiloride derivatives and benzyolguanidinium-based (e.g. HOE694) compounds (21, 22) and resides predominantly in intracellular vesicles (23, 24) , although the significance of this distribution is uncertain. However, recent studies (25) found that NHE5 is rapidly recruited to the cell surface of hippocampal neurons in response to NMDA receptor-induced neural activity where it elevates pH i and suppresses growth of postsynaptic dendritic spines. This suggests that vesicular NHE5 may serve as a reservoir of functional transporters that are recruited to the cell surface in response to appropriate cues.
To better understand NHE5 regulation, we screened a human brain cDNA library for NHE5-interacting proteins and identified the ␣2 catalytic subunit of AMP-activated protein kinase (AMPK) as a putative partner. AMPK is an evolutionarily conserved serine/threonine protein kinase that functions as a key sensor and master regulator of energy homeostasis at the cellular and organismal levels (26 -29) . AMPK assembles as a heterotrimeric complex composed of a catalytic ␣ subunit and two regulatory ␤ and ␥ subunits, each of which is encoded by two or three distinct genes (␣1, ␣2; ␤1, ␤2; ␥1, ␥2, ␥3); thus there is a potential to form 12 distinct holoenzymes. The subunit isoforms are widely expressed in peripheral tissues, whereas the brain shows a more restricted pattern, containing predominantly ␣2, ␤1, and ␥1, and to a lesser extent ␣1 and ␤2 (30) .
Our results show that NHE5 forms a complex with both AMPK␣1 and -␣2 oligomers and that activation of AMPK regulates hippocampal neuronal pH i in response to metabolic stress-induced acidosis by promoting cell surface accumulation of NHE5. This interaction represents a potentially novel mechanism for coupling energy metabolism to pH i homeostasis in nervous tissue.
EXPERIMENTAL PROCEDURES
Chemicals and Reagents-Chemicals and reagents used for AP-1 cell culture were obtained from either BioShop Canada or Fisher Scientific, with the exception of ␣-minimum essential medium (␣MEM), fetal bovine serum (FBS), penicillin/streptomycin, and trypsin-EDTA, all of which were purchased from Invitrogen. All products used for neuronal primary cell culture were purchased from Invitrogen, unless otherwise indicated. Protein localization studies using immunofluorescence and immunoblotting were performed using the following commercial antibodies: mouse monoclonal anti-hemagglutinin (HA) antibody (HA.11 clone 16B12) (Covance Inc., Berkeley, CA), rabbit polyclonal anti-HA (Abcam Inc., Cambridge, MA), mouse monoclonal anti-myc (EMD Millipore), rabbit polyclonal anti-AMPK␣1, -␣2, -␥1, and -␥2 and mouse monoclonal anti-AMPK␣1/2 (Upstate Cell Signaling), rabbit polyclonal anti-AMPK␤ (BD Transduction Laboratories), and rabbit polyclonal anti-phospho-AMPK␣-pT172 antibody (Upstate Cell Signaling). Rabbit polyclonal anti-NHE5 was generated as previously described (24) . Horseradish peroxidase-conjugated secondary IgG antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) and Alexa Fluor 647-conjugated goat anti-rabbit IgG was purchased from Invitrogen. The enhanced chemiluminescence system, protein G-Sepharose 4B, glutathione-Sepharose 4B, and pGEX-2T bacterial expression vector were purchased from GE Healthcare.
Commercially available drugs used in this study include: 2-deoxyglucose (Sigma), antimycin A (Sigma), 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) (Upstate Cell Signaling), 6-[4-(2-piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-pyrrazolo[1,5-a]-pyrimidine (compound C) (EMD Millipore), and ethylisopropylamiloride (EIPA) (Sigma). (3-Methanesulfonyl-4-piperidinobenzoyl)guanidine hydrochloride (HOE694) was kindly provided by Dr. Hans-J. Lang (Aventis Pharma Deutschland GmbH, Frankfurt, Germany). All other reagents were obtained from Fisher Scientific or Sigma.
Yeast Two-hybrid Screening-The human NHE5 cDNA corresponding to residues Gly 544 -Leu 896 (cytoplasmic C terminus) was amplified by PCR using two oligonucleotide primers (forward, 5Ј-ATG GCC ATG GCC ATT GGC CAC GTC TTG TCT TCC-3Ј; reverse, 5Ј-TAG CCCGGG CTA CAG CCG GCT GCC TCT GTT G-3Ј) and subcloned into the NcoI and XmaI sites of the pAS2-1 vector (pAS2-1/NHE5(544 -896)) (Clontech, Palo Alto, CA) in-frame with the GAL4 1-147 DNA binding domain. S. cerevisiae strain AH109 (MATa, trp1-901, leu2 -3, 112, ura3-52, his 3-200, gal4⌬ , gal80⌬, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, ura3::MEL1UAS-MEL1TATA-lacZ) was co-transformed with pAS2-1/NHE5(544 -896), carrying the Trp gene and the GAL4 DNA binding domain and a human brain cDNA library cloned into the pACT2 vector (Clontech), carrying the LEU2 gene and the GAL4(768 -881) activation domain using the modified lithium acetate method (97) . Over 2 ϫ 10 6 clones were screened on the synthetic complete (SC) media containing 0.67% bacto-yeast nitrogen base without amino acids (Difco Laboratories), 2% glucose, 1.5% bacto-agar, and 0.2% -Leu-Trp-His-Ade drop-out mixture and subjected to the ␤-galactosidase filter assay. For the ␤-galactosidase filter assay, a replica was taken from each plate onto filter paper (VWR Scientific Products, West Chester, PA), frozen rapidly in liquid nitrogen, and incubated with 0.35 mg/ml of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) in buffer containing 6 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 (pH 7.0) at room temperature for up to 4 h. The resulting Leu ϩ , Trp ϩ , His ϩ , Ade ϩ , LacZ ϩ colonies were streaked on SC-Leu-Trp-His-Ade plates two additional times and single colonies were inoculated into liquid SC, Leu Ϫ , Trp ϩ His Ϫ , Ade Ϫ media for 3-4 days culture to release the pAS2-1/NHE5(544 -896) plasmid. Library-derived cDNA clones in pAC2-1 coding for putative NHE5 interacting proteins were rescued from yeast cells and directly transformed into DH5␣ cells. The identities of the clones were determined by DNA sequencing and compared against the National Cancer Center for Biotechnology Information database using the BLAST search program. One cDNA clone encoding the AMPK␣2 subunit lacking the first 6 amino acids was identified by the two-hybrid screen. To isolate the full-length cDNA, PCR was carried out with the following set of oligonucleotide primers: forward, 5Ј-CCC AAG CTT GCC ACC ATG GCT GAG AAG CAG AAG CAC GAC GGG CGG GTG AAG ATC GGA C-; reverse, 5Ј-CGG AAT TCT TAA CGG GCT AAA GTA GTA CTA ATC AGA CTG G-3Ј (HindIII and EcoRI sites were underlined). The amplified fragment was subcloned into the pCMV mammalian expression vector at the HindIII and EcoRI sites and the sequence was verified subsequently.
Construction of Epitope-tagged Gene Constructs-To examine NHE1 and NHE5 expression in heterologous cell systems, we used a mammalian expression plasmid (pCMV) containing the rat NHE1 cDNA containing a single influenza virus hemagglutinin (HA) epitope (-YPYDVPDYA-) at its extreme C terminus (NHE1 HA ) (31) and the human NHE5 cDNA tagged with a triple HA-epitope in its first exomembranous loop (NHE5 HA3 ) (23) . The full-length AMPK␣2 cDNA was modified to contain a Myc epitope (-EQKLISEEDL-) at its extreme C terminus (AMPK␣2 myc ). AMPK␣2 myc was constructed by PCR using the sense oligonucleotide 5Ј-CCC AAG CTT GCC ACC ATG GCT GAG AAG CAG AAG CAC GAC GGG CGG GTG AAG ATC GGA C-3Ј containing a HindIII at the 5Ј-end and an antisense oligonucleotide containing the coding sequence for the Myc epitope and an XbaI site (5Ј-GCT CTA GAC TAG TTC AGG TCC TCC TCG CTA ATT AGC TTC TGT TCA ACG GGC TAA AGT AGT AAT CAG ACT GG-3Ј). The amplified fragment was subcloned into pCMV at the HindIII and XbaI sites, and the fidelity of the construct was verified by DNA sequencing. In addition, both NHE5 and AMPK␣2 cDNAs were fused to enhanced green fluorescent protein at their respective C termini (NHE5 GFP and AMPK␣2 GFP ) using HindIII and EcoRI restriction sites in mammalian expression vector pAcGFP-N1 vector (BD Bioscience). Furthermore, the pAcGFP-N1 vector was used as a base to construct a pAcCherry-N1 vector, whereby GFP was replaced with monomeric cherry fluorescent protein (ChFP) using restriction sites BamHI and NotI. This cloning procedure leaves the multicloning site unaltered, thereby allowing for the analogous construction of both NHE5 ChFP and AMPK␣2 ChFP using HindIII and EcoRI restriction sites.
Glutathione S-Transferase (GST) Pulldown Assays-For generating GST fusion proteins, different regions of the NHE5 cDNA were amplified by PCR, excised with BamHI and EcoRI, and inserted into the same restriction sites of the pGEX-2T bacterial expression vector (GE Healthcare) in-frame with the amino-terminal GST tag. Transformed BL21 Escherichia coli cells derived from single colonies were inoculated in 5 ml of 2YT ϩ Amp (100 g/ml) media overnight and protein expression was induced by further incubation in 50 ml of the same media containing 0.4 mM isopropyl 1-thio-D-galactopyranoside at 30°C for 3 h. E. coli cells were collected by centrifugation, resuspended in 1 ml of lysis buffer containing 0.5% Nonidet P-40, 1 mM EDTA, 0.1 mg/ml of lysozyme and proteinase inhibitor mixtures (Roche Diagnostics) in PBS, incubated on ice for 15 min, and sonicated 4 times for 30 s on ice. Cell debris was removed by centrifugation at 16,000 ϫ g for 20 min and an equal amount of the GST fusion proteins (ϳ10 g) were purified by incubation with glutathione-Sepharose beads (GE Healthcare) at 4°C for 2 h. Following four washes in lysis buffer without lysozyme, the beads were incubated with 35 S-labeled in vitro translated protein generated by the TNT reticulocyte lysate system (Promega, Madison, WI). After overnight incubation at 4°C the beads were washed six times in the same buffer and 35 S-labeled TNT protein bound to the GST fusion protein was detected by SDS-PAGE followed by autoradiography.
Loading of the proteins was confirmed by Coomassie Blue dye staining of the SDS-PAGE gel. For producing in vitro translated AMPK␣2, the full-length AMPK␣2 cDNA was ligated into the pCMV vector. The T7 promoter in the vector enabled in vitro transcription translation coupling reaction using rabbit reticulocyte lysates (Promega).
In Vitro Phosphorylation Assays-GST-NHE5 fusion proteins were purified by glutathione-Sepharose beads and a phosphorylation assay was performed by incubation with AMPK purified from rat liver (Upstate Biotechnology, Lake Placid, NY) according to the manufacturer's instruction with some modifications. Briefly, 10 g of GST fusion proteins on the glutathione-Sepharose solid support were incubated with 10 milliunits of AMPK in a final volume of 25 l containing 40 mM HEPES (pH 7.0), 400 M AMP, 80 mM NaCl, 5 mM MgCl 2 , 0.8 mM EDTA, 0.4 mM dithiothreitol, and 10 Ci of [␥-32 P]ATP (PerkinElmer Life Science). After incubation at 30°C for 7 min, beads were sedimented by a quick centrifugation and then washed six times with ice-cold PBS containing 0.5% Nonidet P-40 and 1 mM EDTA. GST fusion proteins were eluted in SDS sample buffer containing 50 mM Tris-Cl (pH 6.8), 2% SDS, 0.1% bromphenol blue, and 10% glycerol and resolved by SDS-PAGE. The gel was stained with Coomassie Blue, dried, and exposed to x-ray film (Eastman Kodak, Rochester, NY).
Cell Culture-AP-1 cells (mutagenized Chinese hamster ovary cells devoid of plasma membrane Na ϩ /H ϩ exchange activity) (32) were maintained in ␣MEM supplemented with 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (100 g/ml), and 25 mM NaHCO 3 (pH 7.4). AP-1 cells stably expressing NHE1 and NHE5 (AP-1/NHE1 and AP-5/NHE5, respectively) were generated using an acid challenging selection process as previously described (22, 31) . All cells were incubated in a humidified atmosphere of 95% air, 5% CO 2 at 37°C.
Primary cultures of hippocampal neurons were prepared from postnatal day 0 -2 mice. Briefly, animals were killed by decapitation, their brains removed, and hippocampi was dissected out. Dissected hippocampi were maintained in chilled 100 M HEPES-buffered saline solution supplemented with 0.6% glucose, then digested with 165 units of papain for 30 min at 37°C. Recovered neurons and glial cells were dissociated by trituration and suspended in DMEM supplemented with 1% penicillin/streptomycin, 10% FBS, and 0.6% glucose. The suspension was passed through a BD Biosciences Falcon 70-m cell strainer and placed into a 15-ml conical tube on top of an Opti-Prep density gradient and centrifuged at ϳ800 ϫ g as described previously (33) . Fractions enriched in neurons were collected and washed with DMEM suspension media. The cells were then plated onto poly-D-lysine-coated 12-mm coverslips at an approximate density of 5000 cells/cm 2 and placed in an incubator at 37°C. After 24 h, plating media was replaced with neuronal growth media consisting of Neurobasal-A, 2% B-27 supplement, 1% GlutaMAX, 1% penicillin/streptomycin, and for only the first feeding, 20 M arabinofuranosyl cytidine to inhibit glial cell proliferation. Neurons were fed every 3-4 days subsequently without arabinofuranosyl cytidine and maintained ϩ14 days in vitro in a humidified atmosphere of 95% air, 5% CO 2 at 37°C.
Coimmunoprecipitations and Immunoblotting-Cell and tissue lysates were prepared in phosphate-buffered saline (PBS) containing 0.5% Nonidet P-40, protease inhibitor mixture (Roche Diagnostics), and 0.25% sodium deoxycholic acid. Depending on the experiment, cell lysates (1 ml) were incubated with rabbit polyclonal antibodies that recognize the HAepitope, AMPK␣1, -␣2, -␥1, or -␥2 subunits (5 g each). Brain tissue lysates were incubated with either mouse IgG or mouse monoclonal anti-AMPK␣1/2 antibody (5 g each). All lysates were incubated at 4°C overnight on a tilt rocker platform, followed by 2 h of IgG binding to 25 l of a 50% slurry of protein G-Sepharose beads on a tilt rocker. The beads were washed 4 times for 5 min each in lysis buffer. The proteins in the immunoprecipitates were fractionated by SDS-PAGE and detected by immunoblotting. Membranes containing immunoprecipitates were blocked for 1 h with 5% skim milk and PBS-T, and then probed with various primary antibodies as follows. NHE5 HA3 and AMPK␣2 myc were detected using mouse monoclonal anti-HA and anti-myc antibodies, respectively. Native AMPK␤ was detected with a rabbit pan polyclonal antibody that recognizes both AMPK␤1 and -␤2. Native NHE5 was detected with an isoform-specific rabbit polyclonal antibody as described previously (24) . All antibodies were diluted in 5% nonfat skim milk, and PBS-T (phosphate-buffered saline and 0.1% Tween 20). The signals were visualized with either 0.8 g/ml of HRP-conjugated, goat anti-rabbit or anti-mouse secondary antibodies after a 1-h incubation. Immunoreactive bands were detected with ECL detection reagents (Western Lighting Ultra PerkinElmer kit) and Kodak x-ray film.
ATP Determination-Cell lysates were prepared in PBS containing 0.5% Nonidet P-40 and the ATP concentrations were determined with the Invitrogen ATP Determination Kit. The luciferase activity was measured with a Turner Designs TD-20/20 luminometer.
Confocal Microscopy-NHE5 ChFP and AMPK␣2 GFP (1.5 g each) were simultaneously transfected into AP-1 cells grown in 35-mm culture dishes with 25-mm glass coverslip bottoms (MatTek Corporation) using Lipofectamine2000 (Invitrogen) and their intracellular localizations were analyzed 48 h after transfection. Cells were assayed under live conditions in phenol red-free Iscove's MEM (Multicell) at 37°C and 5% CO 2 inside a Live Cell Instruments' environment chamber fitted to a Zeiss LSM710 confocal microscope. The fluorescence signals were analyzed using Zen (Zeiss) and Metamorph (Molecular Devices) software.
Förster Resonance Energy Transfer Assay-Förster or fluorescence resonance energy transfer (FRET) using the acceptor photobleaching method (34) was used to assess the interaction between NHE5 and AMPK␣2 in intact cells. To this end, NHE5 ChFP and AMPK␣2 GFP were simultaneously transfected into AP-1 cells seeded on 25-mm #1.5 coverslips (Thermo Fisher Scientific) and fixed with a 4% formaldehyde solution for 15 min at room temperature after 48 h. The coverslips were subsequently mounted onto glass slides with Aqua-Mount (Thermo Fisher Scientific). Cells co-expressing NHE5 ChFP and AMPK␣2 GFP were excited with a 488-nm laser and their emission was collected from 500 to 700 nm with a spectral detector and binned every 10 nm. The ChFP and GFP signals were unmixed linearly using control NHE5 ChFP and AMPK␣2 GFP expressed alone.
Excitation of NHE5 ChFP with a 488-nm laser light showed low or no signal (data not shown). Regions of overlapping signal were measured for the average intensity per pixel. Subsequently, a 30-milliwatt, 561-nm laser at full power was used to photobleach NHE5 ChFP that resulted in an increase in the GFP signal that was previously transferred to ChFP during FRET. Images were acquired and analyzed with Zeiss Zen software and corrected for background intensities and field non-uniformity.
Measurement of Na ϩ /H ϩ Exchanger Activity-AP-1 cells alone or stably expressing human NHE5 were used for these studies. To measure basal plasmalemmal NHE5 activity, the 22 Na ϩ influx assay was conducted as described previously (22) except that acid loading prior to 22 Na ϩ uptake was omitted. Briefly, cells were grown to confluence in 24-well polystyrene tissue culture dishes, washed with isotonic choline chloride solution (130 mM choline chloride, 1 mM MgCl 2 , 2 mM CaCl 2 , 20 mM HEPES-Tris, pH 7.4) and incubated with 2 Ci/ml of 22 Na ϩ in the same solution containing 1 mM ouabain (to inhibit Na ϩ efflux by the Na ϩ /K ϩ -ATPase) in the absence or presence of the specific NHE antagonist EIPA (200 M) at room temperature for 5 min. This concentration of EIPA is sufficient to completely block NHE5 activity (IC 50 ϳ 0.42 M) (22) . EIPA and its related analogues inhibit NHE activity by competitively blocking Na ϩ influx. The assay was terminated by rapidly washing the cells three times with 4 volumes of ice-cold NaCl stop solution (130 mM NaCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 20 mM HEPES-NaOH, pH 7.4). Cell monolayers were subsequently solubilized by 0.25 ml of 0.5 M NaOH followed by neutralization with the same volume of 0.5 M HCl. Radioactivity was measured by liquid scintillation spectroscopy. Measurements of 22 Na ϩ influx specific to the Na ϩ /H ϩ exchanger were determined as the difference between the initial rates of 22 Na ϩ influx in the absence and presence of EIPA and expressed as EIPA-inhibitable 22 Na ϩ influx.
In experiments examining the kinetics of NHE5 activity as a function of the extracellular Na ϩ concentration, cells were acid-loaded using the NH 4 ϩ -prepulse technique prior to measuring the influx of 22 Na ϩ as described previously (22) . To measure the activity of NHE5 as a function of the intracellular H ϩ (H ϩ i ) concentration, intracellular pH (pH i ) was clamped over the range of 5.4 to 7.4 using the K ϩ -nigericin method (35) as previously described (36) . Data analysis and fitting was carried out using Origin 8 software.
Measurement of Intracellular pH-Cells grown on 12-mm glass coverslips are washed with a standard HEPES-buffered artificial cerebrospinal fluid (ACSF) (37) and incubated for 15-60 min at 37°C with the pH-sensitive ratiometric dye BCECF-AM (10 M) diluted into 10 mM HEPES-ACSF or 22 mM sodium bicarbonate-buffered ACSF. The cells were then washed with ACSF to remove the residual dye. Coverslips were placed into a Live Cell Instruments (LCI) magnetic chamber and filled with ACSF. The cells were examined at 37°C in a LCI environment chamber fitted to a Zeiss LSM710 confocal microscope. Solutions were perfused onto the cells at ϳ2 ml/min with a Gilson Minipuls 2 peristaltic pump. The cells were perfused with ACSF for ϳ1 min prior to any treatments or manipulations. The BCECF dye was excited sequentially with a 20 MHz pulsed 440-nm laser and a 20 MHz pulsed 473-nm laser. The emission spectrum was collected between 510 and 650 nm for each excitation and a fluorescence ratio of the emission intensities from each excitation wavelength was calculated after background subtraction (473/440). The ratio was converted to pH using a calibration curve generated using the K ϩ -nigericin clamp method. The images were analyzed with Zen (Zeiss) or Metamorph/Metaexpress (Molecular Devices) software.
Detection of Cell Surface NHE5 Expression-Plasma membrane proteins were isolated using a cell surface biotinylation assay as described previously (38, 39) . Briefly, confluent AP-1/ NHE5 HA3 cells were incubated in serum-free ␣MEM for up to 60 min at 37°C. Cells were rinsed twice with ice-cold PBS-CM (PBS containing 0.1 mM CaCl 2 and 1 mM MgCl 2 ) and then plasmalemmal proteins were labeled indiscriminately with membrane-impermeable N-hydroxysulfosuccinimydyl-SS-biotin (0.5 mg/ml, sulfo-NHS-SS-biotin; Pierce) for 30 min at 4°C. The solution was then discarded and unreacted biotin was quenched three times with ice-cold PBS-CM containing 20 mM glycine. The cells were then lysed in PBS buffer containing 0.2% deoxycholic acid, 0.5% Triton X-100 and proteinase inhibitor mixture for 30 min on ice, and then centrifuged at 12,000 ϫ g for 30 min at 4°C to remove insoluble cellular debris. A portion of the resulting supernatant was removed and represents the "total fraction." The remaining supernatant was incubated overnight with neutravidin-agarose beads to extract biotinylated "surface membrane proteins" according to the manufacturer's instructions. The proteins were then resolved by SDS-PAGE followed by immunoblotting. The intensities of the bands were quantified by densitometry of films exposed in the linear range, and then digitally imaged and analyzed with the FluorChem TM system (Alpha Innotech Corporation, CA).
Statistical Analysis-Unless otherwise stated, error bars represent the mean Ϯ S.E. and statistical analysis was performed by using the one-way ANOVA Bonferroni post hoc test or the Student's t test.
RESULTS

Identification of AMPK␣2 as an NHE5
Interacting Protein-Na ϩ /H ϩ exchangers are predicted to contain 12 transmembrane helical segments within their amino-terminal region that form the cation permeation pathway, whereas the distal C-terminal portion of the exchanger faces the cytoplasm and is responsible for regulating transport activity in response to various stimuli (illustrated in Fig. 1A ). To gain insight into the function and regulation of NHE5, a fragment spanning the bulk of the C-terminal cytoplasmic tail of NHE5 (amino acids Gly 544 -Leu 896 ) was used as a molecular probe to screen a human brain cDNA library for potential binding proteins using the yeast two-hybrid system (40) . Over 2 ϫ 10 6 clones were screened from which 9 positive clones were obtained. One clone encoded almost the entire length of the catalytic ␣2 subunit of AMP-activated protein kinase (AMPK␣2), with the exception of the first six amino acids. The yeast two-hybrid interaction between NHE5 and AMPK␣2 was validated in mating assays by co-transforming yeast strains MAT␣ strain Y187 and AH109 with pAS2-1/NHE5(544 -896) and AMPK␣2 obtained from the yeast two-hybrid screen. The NHE5(544 -896) bait did not interact with the GAL4 activation domain encoded by pGAD10, and AMPK␣2 did not interact with the GAL4 DNA binding domains encoded by pAS2-1, further supporting the possibility that these two proteins might be genuine interacting partners.
Mapping the AMPK␣-binding Site of NHE5-To validate the direct interaction between NHE5 and AMPK␣2, in vitro GST fusion protein pulldown assays were used. Three GST-linked segments that spanned the C-terminal fragment of NHE5 used as bait in the yeast two-hybrid screen were incubated with in vitro synthesized full-length [ 35 S]AMPK␣2 and the resulting precipitates were evaluated for binding by SDS-PAGE and PhosphorImager analysis. The GST-NHE5 fusion proteins for each of the constructs migrated in the SDS-PAGE gel as multiple bands as detected by Coomassie Blue staining ( Fig. 1B, lower  panel) . The higher molecular mass band for each construct represents the full-length fusion protein, whereas the faster migrating bands most likely represent GST-NHE5 proteolytic products. [ 35 S]AMPK␣2 bound mainly to two segments of NHE5 encompassing amino acids 543-654 and 789 -896 ( Fig.  1B, upper panel) . Significantly, both segments were robustly phosphorylated by purified rat liver AMPK (containing mainly the ␣1 subunit, which shares 90% amino acid identity with ␣2 in its catalytic core) in the presence of added AMP (0.3 mM) ( Fig.  2A ). More extensive mapping analyses delimited the major phosphorylated sites to segments 571-601 and 845-870, and to a much lesser degree 602-624 ( Fig. 2B and data not shown). Significantly, each of these segments possesses a putative consensus recognition sequence for AMPK, ⌽-(X,␤)-X-X-(S/T)-X-X-X-⌽ (where ⌽ represents a hydrophobic residue Met, Leu, Phe, Ile, or Val, and ␤ represents a positively charged residue Arg, Lys, or His) (41) . Simultaneous Ala substitutions of putative target residues Ser 575 and Ser 577 (S575A/S577A), Ser 618 and Ser 620 (S618A/S620A), and Ser 851 , Ser 853 , Ser 855 , and Ser 856 (S851A/S853A/S855A/S856A) abolished in vitro phosphorylation by AMPK ( Fig. 2B) . These data indicate that the C terminus of NHE5 is a direct substrate of AMPK, at least in vitro.
Interaction of NHE5 and AMPK in Whole Cells and Tissue-To verify the interaction of full-length NHE5 and AMPK␣2 in mammalian cells, co-immunoprecipitation experiments were performed by transiently expressing a C-terminal Myc-tagged AMPK␣2 construct (AMPK␣2 myc ) in a mutagenized Chinese hamster ovary cell line (AP-1) that lacks endogenous plas-malemmal NHEs, but stably expresses a NHE5 construct engineered to contain a triple HA-epitope in its first extracellular loop (AP-1/NHE5 HA3 ) as previously described (23) . As shown in Fig. 3A , NHE5 HA3 (ϳ99 kDa) and AMPK␣2 myc (ϳ60 kDa) formed an immunoprecipitable complex from co-transfected cells.
Using commercially available AMPK antibodies, we found by immunoblot analyses that AP-1 cells endogenously express ␣1, ␣2, ␤1/2, ␥1, and ␥2. To assess whether NHE5 HA3 could associate with each of these native subunits, we performed another series of co-immunoprecipitation experiments using the stable AP-1/NHE5 HA3 cell line. As shown in Fig. 3B , NHE5 HA3 was able to form an immunoprecipitable complex with each native subunit, indicating that NHE5 can potentially associate with different heterotrimeric arrangements of AMPK. Importantly, native NHE5 was detected in an AMPK-containing protein complex immunoprecipitated from whole mouse brain lysates using a monoclonal antibody that recognizes both AMPK␣1 and -␣2 (Fig. 3C) .
The association of NHE5 with AMPK␣2 was also confirmed by immunofluorescence confocal microscopy in intact cells. AP-1 cells were co-transfected with NHE5 linked to monomeric cherry fluorescent protein (NHE5 ChFP ) and AMPK␣2 fused to enhanced green fluorescence protein (AMPK␣2 GFP ). Similar to previous observations of exogenous HA-tagged NHE5 and native NHE5 in nervous tissue and cells (23) (24) (25) , a minor fraction of NHE5 ChFP localized close to or at the plasma membrane, whereas the bulk resided in vesicles that accumulated in a juxtanuclear region ( Fig. 4A ). By comparison, most of the AMPK␣2 GFP signal was diffusely distributed throughout the nucleus and the cytoplasm, consistent with earlier findings (42) , although a significant fraction was detected in punctate vesicles that also colocalized with NHE5 ChFP . Although these results suggest a close association, this technique is hampered by the limited optical spatial resolution of the microscope, which is ϳ200 nm. To determine the proximity of these two proteins more precisely, we applied FRET using the acceptor photobleaching method (34, 43) . When applied to optical microscopy, it allows one to determine when two molecules are within several nanometers of each other, distances sufficiently close for bimolecular interactions to occur. The analyses (Fig.  4B) show that upon modest photobleaching of the acceptor molecule NHE5 ChFP (ϳ7-8% quenching to minimize phototoxicity and ensure that the donor is not also being bleached), there was a corresponding, albeit larger, increase (ϳ27%, p Ͻ 0.05, Student's t test) in the fluorescence intensity of the excited donor AMPK␣2 GFP , energy that previously had been transferred to NHE5 ChFP and indicative of a close physical interaction between these two proteins. Collectively, these results indicate that a fraction of AMPK can form a stable complex with NHE5 in heterologous cell systems as well as natively in whole brain.
A recent study indicated that chronic activation of AMPK with the membrane-permeant AMP mimetic AICAR (1 mM, 24-h) significantly enhanced NHE1 mRNA, protein, and activity in human embryonic kidney HEK293 cells (44) . This observation left open the possibility that AMPK may interact physically with other NHEs. To investigate this question, NHE1 HA was transiently expressed in AP-1 cells and assessed for its ability to form a complex with endogenous AMPK␣1 or -␣2. As shown in Fig. 5 , NHE1 did not associate with either catalytic ␣ subunit, indicative of an indirect relationship between AMPK and NHE1 in HEK293 cells. Hence, our data suggest that the association of AMPK with NHE5 is selective, at least within the confines of this comparison.
AMPK Regulation of NHE5-To examine the functional significance of the association between NHE5 and AMPK, we first examined their relationship in AP-1 cells. AP-1/NHE5 HA3 cells were treated with AICAR to activate AMPK and plasmalemmal NHE5 activity was measured using an EIPA-inhibitable 22 Na ϩ flux assay as described previously (22) . As mentioned earlier, although NHE5 is more resistant to inhibition by EIPA (IC 50 ϳ 0.42 M) compared with NHE1 (IC 50 ϳ 15 nM), it can be completely blocked at higher drug concentrations (i.e. 200 M), thereby allowing discrimination of NHE5-mediated 22 Na ϩ flux from nominal radioisotope uptake in this cell line under the imposed assay conditions.
As shown in Fig. 6, A and B , basal NHE5 activity increased (ϳ1.5-2-fold; p Ͻ 0.01, one-way ANOVA) in a dose-and time-dependent manner that correlated with increases in the active, phosphorylated form of AMPK (AMPK␣-pThr 172 ) (Fig. 6C ). EIPA-inhibitable 22 Na ϩ uptake in control untransfected AP-1 cells was negligible and unaffected by AICAR treatment, indicating that the enhanced 22 Na ϩ influx of AICAR-treated AP-1/NHE5 HA3 cells is attributable exclusively to NHE5. . NHE5 forms a macromolecular complex with AMPK subunits in heterologous and native tissue. A, AP-1 cells stably expressing triple HA-tagged NHE5 (NHE5 HE3 ) were transiently transfected (24 h) with empty vector or full-length Myc-tagged AMPK␣2 (AMPK␣2 myc ). Cell lysates were prepared and incubated with a rabbit polyclonal anti-HA antibody (␣-HA p ) to immunoprecipitate NHE5 HA3 . The cell lysates and immunoprecipitates (IP) were analyzed by SDS-PAGE and immunoblotted (IB) with either a monoclonal anti-HA antibody (␣-HA m ) or anti-Myc (␣-myc m ) to detect NHE5 HA3 or AMPK␣2 myc , respectively. B, to detect association of endogenous AMPK subunits with NHE5 HA3 , cell lysates were prepared from untransfected AP-1 cells or AP-1 cells stably expressing NHE5 HA3 and then incubated with rabbit polyclonal antibodies against endogenous AMPK␣1, -␣2, -␥1, and -␥2 subunits. To detect a complex between NHE5 and the native AMPK ␤1/2 subunits, cell lysates were incubated with a rabbit polyclonal anti-HA antibody. The immunoprecipitates were analyzed by SDS-PAGE and immunoblotting with either mouse monoclonal anti-HA antibody to detect NHE5 HA3 or with a commercially available pan anti-AMPK␤ antibody that recognizes both the ␤1 and ␤2 subunits. C, to detect association of native AMPK␣ subunits with NHE5 in brain tissue, cell lysates were prepared from mouse brain (postnatal day 3) and then incubated with a control mouse IgG antibody or a mouse monoclonal antibody that recognizes both AMPK␣1 and -␣2 (␣-AMPK␣1/2 m ). The immunoprecipitates and cell lysates were analyzed by SDS-PAGE and immunoblotting. The IP blot was probed with a rabbit polyclonal antibody that specifically detects NHE5 (␣-NHE5 p ). The lysate blots were probed with polyclonal antibodies that recognize NHE5 or AMPK␣2. Data are representative of three independent experiments.
To further evaluate the acute effect of AICAR on NHE5 activity in relationship to pH i , stably expressing AP-1/ NHE5 HA3 cells were initially incubated with diluent or AICAR (1 mM) for 1 h. The cells were then perfused with HEPES-buffered ACSF (containing 126 mM NaCl) under nominally HCO 3 Ϫ / CO 2 -free conditions (to exclude potential contributions from bicarbonate transporters) in the continuing presence of either diluent or AICAR, followed by acidification using the NH 4 ϩ prepulse technique (45) and subsequent pH i recovery in Na ϩ -rich ACSF. The pH i was monitored using the ratiometric pH-sensitive fluorescent dye BCECF and microscopy. For comparative purposes, AP-1/NHE1 HA cells were also examined. Consistent with the radioisotopic measurements, acute pretreatment of AP-1/NHE5 HA3 cells with AICAR significantly stimulated the pH i recovery rate relative to untreated controls, and also raised the steady-state pH i from 6.98 Ϯ 0.05 to 7.34 Ϯ 0.09 (p Ͻ 0.05, Student's t test) ( Fig. 7A ). Conversely, AICAR had no significant effect on pH i recovery in AP-1/NHE1 HA cells or on resting pH i (resting pH i : control, 7.38 Ϯ 0.08; AICAR, 7.24 Ϯ 0.08) (p Ͼ 0.05, Student's t test) ( Fig. 7B ). To validate that the Na ϩ -dependent pH i recoveries in the stable cell lines were due to the respective transfected NHE isoforms, we took advantage of their differential sensitivity to NHE antagonist HOE694, which is even more highly selective (ϳ2 orders of magnitude) for NHE1 relative to NHE5 than amiloride or EIPA (22) . As shown in Fig. 7D, 1 M HOE694 completely blocked Na ϩ -dependent pH i recovery from an NH 4 ϩ -imposed acid load in AP-1/ NHE1 HA cells. This effect was equivalent to that observed using solutions where Na ϩ was substituted with choline ϩ , a nontransportable cation, thereby confirming that this flux is Na ϩ dependent. Conversely, substantially higher concentrations of HOE694 (500 -1000 M) were required to block pH i recovery 22 Na ϩ influx (nmol/min/mg of protein) and expressed as a percentage of the basal transport rate for each condition, normalized to NHE5 activity at 0 mM AICAR (A) or 0 min (B). C, AICARdependent activation of AMPK in AP-1/NHE5 HA3 cells as a function of time was detected using a mouse monoclonal antibody that recognizes the phosphoactivated form of the AMPK␣ catalytic subunit (␣-AMPK␣-pT172). Loading was controlled by stripping and reprobing the blot with a rabbit polyclonal for AMPK␣2 (␣-AMPK␣2p). Data are representative of at least three independent experiments. Asterisks indicate p Ͻ 0.01, one-way ANOVA. IB, immunoblot.
in AP-1/NHE5 HA3 cells (Fig. 7C ), concentrations consistent with previous studies (22) .
Activation of AMPK can also occur under pathophysiological conditions such as ischemia or nutrient deprivation. To induce changes in cellular metabolism that mimic ischemia and stimulate AMPK, mitochondrial inhibitors such as antimycin A (AA; 1 g/ml) can be used to block complex III in the electron transport chain, thereby inhibiting aerobic energy production (46) . In addition, generation of ATP by glycolysis can be blocked by 2-deoxyglucose (5 mM) (47, 48) . As shown in Fig. 8A , 2-deoxyglucose drastically reduced ATP levels in AP-1 cells to ϳ15% of steady-state levels within 20 min, whereas AA showed a lesser reduction (ϳ50%). Both treatments also increased the phosphoactivated form of AMPK (i.e. AMPK␣-pT172), although the extent of phosphorylation was more pronounced (2-3-fold) for AA, presumably due to the greater supply of cellular ATP needed for optimal phosphorylation of AMPK by upstream kinases such as LKB1 (Fig. 8B ). It was also noted that prolonged 2-deoxyglucose treatment caused the AP-1 cells to roundup and detach from the culture dishes. Hence, subsequent analyses of metabolic stress on NHE5 activity were confined to the use of AA. As shown in Fig. 9 , AA treatment caused a highly reproducible biphasic increase in basal NHE5 activity over a 60-min period that reached levels comparable with that achieved with AICAR (see Fig. 6 ). The AMPK antagonist compound C (CC) (49) effectively blocked the AA-induced increase in NHE5 activity to levels measured in resting cells. Treatment with CC alone also caused a gradual decrease in NHE5 activity. The inhibitory effect of CC alone on NHE5 activity suggests that the transporter is tonically regulated by low levels of active AMPK-pThr 172 in resting cells (see Fig. 8B ).
The resulting biphasic increase in plasmalemmal NHE5 activity elicited by AA treatment could result from one or more of the following possibilities: 1) AA-induced cytoplasmic acidification due to the greater dependence on glycolysis for metabolic energy with a corresponding increase in lactic acid accumulation and/or 2) an AMPK-mediated change in the transport kinetics of NHE5 (i.e. increased substrate affinities and/or transport velocity V max ). Indeed we confirmed that, under HEPES-buffered media conditions, AA produced a gradual acidification (pH i 7.2 3 6.4) of untransfected AP-1 cells over a 20-min period, and remained at this level thereafter (Fig. 10A) . In AP-1/NHE5 HA3 cells, AA caused a less pronounced acidification that reached a maximum level of pH i ϳ 6.8 between 10 and 30 min exposure, and then pH i gradually recovered to pH ϳ 7.0 over the next 30 min although it did not yet reach resting control levels (pH i ϳ 7.2) (Fig. 10B) . Significantly, this latter pH i recovery was prevented by inhibiting AMPK with CC or blocking NHE5 with high concentrations of the NHE antagonist HOE694 (1000 M), thereby linking these two proteins to a common pathway. Hence, the acute AA-induced acidification could account, at least in part, for the initial increased catalytic FIGURE 7 . Acute activation of AMPK by AICAR selectively enhanced intracellular pH recovery in AP-1 cells stably expressing NHE5. AP-1 cells stably expressing NHE5 HA3 (A) and NHE1 HA (B) were grown on 12-mm coverslips and loaded with the pH-sensitive fluorescent dye BCECF-AM (50 M) in ␣MEM (supplemented with 10% FBS) in the absence or presence of the AMPK agonist AICAR (1 mM) for 1 h. The cells were then placed in a LCI environment chamber maintained at 37°C and fitted to a Zeiss LSM710 confocal microscope. The cells were initially perfused with HEPES-buffered ACSF (contains 126 mM NaCl) in the continued absence or presence of AICAR and then acidified using the NH 4 ϩ prepulse technique, followed by recovery in Na ϩ -rich ACSF. Intracellular pH was measured as described under "Experimental Procedures." To assess the drug sensitivity of NHE5 (C) and NHE1 (D), following NH 4 Cl treatment the cells were allowed to recover in Na ϩ -rich ACSF medium containing increasing concentrations (1-1000 M) of the NHE-specific antagonist HOE694 as indicated, or in some cases ACSF medium where the NaCl was substituted with molar equivalents of choline chloride (i.e. 0 mM NaCl). The rate of pH i recovery following acidification was monitored as a function of time. The data represent the mean Ϯ S.E. of three independent experiments, with 10 -30 cells per experiment. rate of existing plasma membrane-resident NHE5, but does not fully explain the late-phase enhancement of NHE5 activity.
To further examine the late-phase activation of NHE5 activity, we measured its kinetic properties. As shown in Fig. 11, A and B, AA treatment (60 min) did not significantly alter the apparent affinities of NHE5 for Na ϩ (control K Naϩ 16.9 Ϯ 5.2 mM; AA K Naϩ 14.9 Ϯ 4.4 mM; p Ͼ 0.05, Student's t test) or H ϩ (control K Hϩ 0.39 Ϯ 0.06 M; AA K Hϩ 0.42 Ϯ 0.09 M; p Ͼ 0.05, Student's t test), respectively. However, the V max of NHE5 noticeably increased by ϳ26% from a value of 85.9 Ϯ 8.6 to 108.2 Ϯ 11.0 nmol/min/mg of protein (p Ͻ 0.05, Student's t-test) (Fig. 11A ), suggesting either an enhanced rate of turnover and/or increased transporters at the plasma membrane. To explore this latter possibility, plasmalemmal NHE5 abundance was measured as a function of time using a cell surface biotinylation assay (39) . As illustrated in Fig. 12A and quantified in Fig. 12B , NHE5 cell surface expression was significantly increased (ϳ30 -40%; p Ͻ 0.05, Student's t test) in response to AA, with the earliest increase detected at 30 min of exposure. Similar increases were also confirmed using a cell-based enzyme-linked immunosorbent assay to detect surface levels of the externally exposed triple HA-epitope present in NHE5 (data not shown). Significantly, the membrane redistribution of NHE5 was effectively blocked by CC (Fig. 12, C and D) . Furthermore, examination of NHE5 constructs containing Ser to Ala substitutions of the two major AMPK phosphoacceptor sites identified in vitro (cf. Fig. 2) showed that simultaneous mutation of both S575A and S577A, but not the individual mutations or the combined S851A/S853A/S855A/S856A mutant, effectively abolished the AA-induced increase in NHE5 activity (Fig.  13A ) and cell surface abundance (Fig. 13, B and C) . This identifies AMPK phosphorylation of the proximal Ser 575 and Ser 577 FIGURE 8. Effect of metabolic inhibitors on cellular ATP levels and activation of AMPK in AP-1/NHE5 cells. AP1/NHE5 cells were treated over a 120min time course with inhibitors of either oxidative phosphorylation, antimycin A (1 g/ml), or glycolysis, 2-deoxyglucose (5 mM). A, cytosolic ATP levels were measured from the cellular lysates with a chemiluminescent ATP determination kit. Data shown are representative of at least four independent experiments. B, activation of AMPK in AP-1/NHE5 cells was detected at 60 min using an antibody that recognizes the phospho-activated form of the AMPK␣ catalytic subunit (AMPK␣-pT172). Loading was controlled by stripping and reprobing the blot with a rabbit polyclonal for AMPK␣2. Data are representative of at least three independent experiments. IB, immunoblot. FIGURE 9. Activation of NHE5 in response to acute metabolic stress is dependent on AMPK. AP-1/NHE5 HA3 cells were treated over a 60-min period either separately or together with AA (1 g/ml) to activate AMPK and the specific AMPK inhibitor CC (20 M). NHE5 activity was measured as EIPAinhibitable 22 Na ϩ influx (nmol/min/mg protein) and normalized as a percentage of the basal rate at the start of the experiment (0 min). Data were generated from quadruplicate samples in each of three independent experiments and presented as the mean Ϯ S.E. residues as important in the membrane trafficking of NHE5. Conversely, the functional significance of AMPK phosphorylation of the more distal AMPK motif is unclear. The biochemical detection of the AA-induced increase in NHE5 surface abundance was also confirmed visually by fluorescence imaging where wild-type but not mutant (S575A/S577A) GFP-tagged NHE5 (NHE5 GFP ) increased its abundance at or near the plasma membrane as a function of time (i.e. after ϳ30 min treatment) (Fig. 13D) . Notably, this enhanced surface expression is coincident with the second phase of the biphasic increase in AA-mediated stimulation of NHE5 activity.
AMPK Regulation of NHE5 in Hippocampal Neurons-To validate this regulatory behavior under more native conditions, we selected newborn (0 -2-day-old) mouse hippocampal neurons for further study in vitro as they express high levels of AMPK, especially AMPK␣2 (30, 50) , and NHE5 (24) . Importantly, hippocampal tissue at this developmental stage contains comparatively few glial cells and the neurons are capable of undergoing significant growth and differentiation under defined culture conditions to form extensive, synaptically connected networks that, whereas less complex than neural tissue, make them an ideal preparation for investigating the function and trafficking of neuronal proteins (37) . However, as NHE1 activity has also been detected in freshly dissociated hippocampal neurons, albeit from more mature postnatal mice (21-30 days old) (51), it was necessary to appraise the NHE composition of our preparation of neonatal mouse hippocampal neurons. We chose pharmacological and single-cell imaging approaches to distinguish the NHE composition of individual neurons instead of indiscriminate RT-PCR of hippocampal culture lysates because of concerns of residual "contaminating" glia cells that are known to express NHE1 (52) . To this end, we took advantage of the marked differential potency of HOE694 to block the various NHE isoforms that, as demonstrated herein (see Fig. 7 ) and elsewhere (22) , is more highly selective for NHE1 relative to NHE5. For comparison with AP-1 cells, the neurons were also initially examined in HEPES-buffered nominally HCO 3 Ϫ /CO 2 -free ACSF media to minimize potential regulation by bicarbonate transporters. As shown in Fig. 14A , a low concentration of HOE694 (10 M) sufficient to completely block NHE1 activity was ineffective, whereas a much higher concentration of HOE694 (1000 M) was required to fully suppress Na ϩ -dependent pH i recovery, consistent with NHE5 activity. Moreover, in resting cells, 1000 M HOE694, but not 10 M HOE694, induced a significant and sustained reduction of steady-state pH i (7.2 3 6.7) (Fig. 14B ). Hence, these results combined with previous findings using analogous rat preparations (21, 25, 53, 54) indicate that NHE5 is the principal Na ϩ /H ϩ exchanger responsible for cytoplasmic pH homeostasis, at least in fetal or neonatal hippocampal neurons.
To test whether NHE5 is regulated by AMPK in hippocampal neurons, the cells were treated with AICAR (1 mM) or AA (1 g/ml) over a 60-min period while monitoring the subcellular distribution of NHE5 and changes in steady-state pH i . In untreated neurons, NHE5 exhibited a punctate distribution throughout the soma and dendrites (Fig. 15A) . By contrast, acute exposure to AICAR caused a noticeable redistribution of endogenous vesicular NHE5 immediately adjacent to or at the plasma membrane ( Fig. 15B ), concomitant with a gradual alkalinization of steady-state pH i (pH ϳ 7.55) that was prevented by CC (Fig. 15D) . The AICAR-induced alkalinization was also blocked by 1000 M HOE694, which elicited a further decrease in steady-state pH i to pH i ϳ 6.6 -6.7. Similarly, AA-treated neurons showed a comparable recruitment of NHE5 to the cell surface (Fig. 15C ). However, unlike AICAR-treated neurons, AA-treated neurons showed an initial decrease in pH i over the first 15 min to pH ϳ 6.75, followed by a gradual recovery of pH i (pH ϳ 7.5) that exceeded steady-state pH i of control neurons (pH ϳ 7.2) ( Fig. 15E) . Significantly, the pH i recovery was effectively blocked by CC and HOE694 (1000 M). These data mirror the results obtained in heterologous AP-1/NHE5 cells.
To further evaluate the relationship between NHE5 and AMPK in hippocampal neurons under more physiological buffer conditions, we repeated the above measurements in neurons maintained in media that contains bicarbonate (22 mM NaHCO 3 buffered ACSF equilibrated with 5% CO 2 , 95% air). As shown in Fig. 15 , F and G, activation of AMPK by AICAR and FIGURE 11 . Effect of AA-induced metabolic stress on the kinetic properties of NHE5. Stably expressing AP1/NHE5 HA3 cells were untreated or exposed to AA (1 g/ml) for a 60-min period. A, to measure the Na ϩ affinity (K m ) and maximal transport velocity (V max ) of NHE5, cells were acidified to ϳpH 6 by prepulsing the cells with 50 mM NH 4 Cl, and then the rate of EIPAinhibitable 22 Na ϩ influx (nmol/min/mg of protein) was measured at different concentrations of Na ϩ (adjusted with non-radioactive Na ϩ ) during the linear phase (1 min uptake) of pH i recovery. The data were fitted using a Hill function (y ϭ V max ϫ x n /k n ϩ x n ). B, to measure H ϩ affinity, AP1/NHE5 HA3 cells were clamped at various pH i values using the K ϩ -nigericin technique, and the rates of EIPA-inhibitable 22 Na ϩ uptake (in the presence of nominal unlabeled Na ϩ ) were measured. The data were fit with a dose-response function (y ϭ A1 ϩ (A2-A1)/1 ϩ 10 (Logx0-x)p ), where Logx0 represents the EC 50 ). In this particular experiment, the data were normalized to a percentage of the maximal rate of transport at pH i 5.4. The data are presented as the mean Ϯ S.E. of three independent experiments, with each data point done in triplicate.
AA, respectively, modulated pH i in HCO 3
Ϫ /CO 2 -buffered media in a manner qualitatively similar to that observed in HEPES-buffered media, with some quantitative differences. First, in HCO 3
Ϫ /CO 2 -buffered media, the resting pH i was noticeably higher (ϳ7.36 Ϯ 0.07 versus 7.20 Ϯ 0.08; p Ͻ 0.05, Student's paired t test), as might be expected. Second, detectable increases in pH i induced by AICAR in neurons maintained in HCO 3 Ϫ /CO 2 -buffered media were slightly delayed and the extent of the ⌬pH was not as great compared with cells in HEPES-buffered media, although the final pH i attained after 60 min treatment was comparable (HCO 3 Ϫ /CO 2 : 7.60 Ϯ 0.04 versus HEPES: 7.55 Ϯ 0.08). Third, AA-induced acidification as well as the pH i recovery in neurons maintained in HCO 3 Ϫ /CO 2buffered media were also slightly delayed and not as robust as compared with cells in HEPES-buffered media within the time frame of the experiment. Notwithstanding, these effects were blocked by the AMPK antagonist CC and NHE5 antagonist HOE694 in HCO 3 Ϫ /CO 2 -buffered media. Collectively, these findings support a physiologically relevant relationship between native NHE5 and AMPK in regulating pH i in hippocampal neurons during acute cellular energy stress.
DISCUSSION
The milieu of the central and peripheral nervous systems undergoes significant fluctuations in pH in response to depolarizing stimuli or metabolic stress and must be effectively controlled to maintain neuronal excitability, function, and survival (1, 55, 56) . This regulation is largely mediated by Na ϩ /H ϩ exchangers alongside bicarbonate transporters and carbonic anhydrases (12) . Na ϩ /H ϩ exchangers constitute a diverse fam-ily of at least 11 members (13, 57) , many of which are expressed in brain based on in situ mRNA analysis (58) . However, with the exception of NHE1, their individual cellular/subcellular distributions and functional properties have not been extensively documented.
In this report, we focused on the NHE5 isoform because it is highly expressed in the central and peripheral nervous systems relative to other tissues (19, 20, 24) . It is especially prevalent in hippocampal neurons that seemingly lack measureable NHE1 activity during early development (i.e. fetal and neonatal stages) (21, 53, 54) , although NHE1 can be detected in hippocampal neurons isolated from more mature animals (51, 59) . Unlike NHE1, which resides exclusively at the cell surface, the majority of NHE5 accumulates in a latent pool of intracellular vesicles with only a minor fraction active at the plasma membrane (23, 25) . Here, we demonstrate that NHE5 forms a complex with the heterotrimeric AMPK␣1-and ␣2-containing isozymes that serve as vital sensors and regulators of biochemical energy (i.e. ATP) levels at the cellular and organismal levels (27) (28) (29) . Furthermore, purified liver AMPK enzyme robustly phosphorylates the cytoplasmic C terminus of NHE5 in vitro at two main putative AMPK phospho-recognition motifs, one of which (i.e. the proximal site -571 LLREpSGpSGACL 581 -) conferred sensitivity to regulation by AMPK in intact cells. The significance, if any, of phosphorylation of the more distal site located between amino acids 849 and 859 is presently unknown.
In NHE5-transfected Chinese hamster ovary AP-1 cells, direct activation of endogenous AMPK by AICAR gradually increased NHE5 activity in a linear manner as a function of time and enhanced the rate of pH i recovery from an imposed intracellular acidification relative to untreated control cells. We also investigated the effects of indirect activation of AMPK by partially depleting cellular ATP levels (ϳ50%) with AA, which blocks mitochondrial oxidative phosphorylation and places a greater reliance on glycolysis, resulting in cytoplasmic acidification due to increased production of metabolic acids such as lactate. Under these conditions, AMPK also increased NHE5 activity, but in a more pronounced biphasic manner. The early phase coincided with AA-elicited acidification and is best accounted for by an increase in the transmembrane H ϩ gradient that drives the activity of existing plasmalemmal NHE5 transporters. The later phase of accelerated NHE5 activity correlated with elevated cell surface abundance of NHE5 and grad-ual restoration of pH i to near resting levels. Significantly, these effects were blocked by the AMPK antagonist CC. Moreover, mutations that block phosphorylation of the proximal AMPK recognition site prevented the AA-induced increase in NHE5 surface expression and activity. These findings complement earlier observations that AMPK can regulate membrane trafficking and surface levels of other solute carriers linked to energy and electrolyte homeostasis, including glucose transporters GLUT3 (60) and GLUT4 (61) and the Na ϩ /K ϩ -ATPase pump (62) . Moreover, this interaction was relatively specific to the NHE5 isoform in so far as AMPK␣1 or AMPK␣2 oligomers did not form a complex with NHE1 and acute AICAR activation of AMPK did not regulate NHE1 activity in heterologous cell systems. An earlier study indicated that sustained AICAR stim- FIGURE 13 . Metabolic stress-induced activation of NHE5 activity is impaired in the AMPK phosphorylation-defective NHE5(S575A/S576A/S577A) mutant. A, AP-1 cells stably expressing NHE5 HA3 mutants S575A, S577A, S575/S576A/S577A (S575-7A), or S851A/S853A/S855A/S856A (S851-6A) were untreated or incubated with AA (1 g/ml) for 60 min and assayed for NHE5 activity as measured by EIPA-inhibitable 22 Na ϩ influx (nmol/min/mg of protein) and normalized as a percentage of the basal transport rate for each condition. Data represent the mean Ϯ S.E. (n ϭ 4, each performed in quadruplicate). Asterisks indicate statistical significance from control values (p Ͻ 0.05, Student's t test). B, AP-1/NHE5 HA3 (S575-7A) cells were treated with AA (1 g/ml) over a total of 60 min. Surface proteins were biotinylated as described in the legend to Fig. 10 . Total cell lysates and biotin-conjugated proteins were resolved by SDS-PAGE and immunoblotted with a polyclonal anti-HA antibody to detect NHE5 HA3 and an anti-GAPDH antibody to control for protein loading. C, quantification of surface NHE5 HA3 was determined by densitometry (n ϭ 7). D, AP-1 cells were transiently transfected with NHE5 GFP wild-type (upper panels) and mutant S575A/S576A/ S577A (lower panels) constructs. After 48 h, the cells were then transferred and maintained at 37°C in a Live Cell Instruments environment chamber fitted to a Zeiss LSM710 confocal microscope. The cells were treated with AA (1 g/ml) and monitored every 15 min over a 60-min period. Data are representative of at least three independent experiments. Scale bar represents 20 m. ulation of AMPK (i.e. 24 h) significantly enhanced NHE1 activity in HEK293 cells (44) . However, the increased NHE1 activity appeared to be an indirect consequence of prolonged AMPK activation that correlated with increased NHE1 gene expression and protein abundance coupled with enhanced glucose uptake and excessive lactic acidosis.
In addition to heterologous systems, we demonstrated that activation of AMPK by AICAR or metabolic stress on NHE5 activity and membrane abundance were largely mimicked in primary cultures of neonatal mouse hippocampal neurons maintained in HEPES-or more physiological HCO 3 Ϫ /CO 2buffered media. The only notable differences between the two media conditions were higher resting pH i values and less robust changes in pH i in response to AICAR or following AA-induced acidification in HCO 3 Ϫ /CO 2versus HEPES-buffered media. This may be due in part to the higher buffering capacity of neurons maintained in HCO 3 Ϫ /CO 2 -buffered media, but may also reflect less recruitment of NHE5 to the cell surface upon activation of AMPK when the initial resting pH i is more alkaline. Although this remains to be tested, it is noteworthy that the catalytic activity of AMPK is sensitive to pH within the physiological range (i.e. pH 6.6 -7.3), with lesser activity at more alkaline levels (63) . Hence, pH i could be a determinant of AMPK activity and its ability to activate downstream targets such as NHE5. These data also suggest that Na ϩ -dependent HCO 3 Ϫ transporters do not make major contributions to pH i regulation of primary cultures of neonatal mouse hippocampal neurons maintained under our experimental conditions, as their presence would have been anticipated to accelerate pH i recovery following acidification. These findings are consistent with earlier studies of hippocampal neurons that showed that pH i recovery from an imposed acid load is accomplished to a significant extent by an amiloride-insensitive NHE, although other NHEs (e.g. NHE1) and Na ϩ -dependent bicarbonate transporters can make important contributions depending on the age of the animals, their preparation (i.e. freshly dissociated versus cultured), and temperature (ambient versus 37°C) (21, 53, 54, 64, 65) . For example, Baxter and Church (53) reported that acid extrusion in cultured fetal rat hippocampal neurons maintained at 37°C involves primarily amiloride-or HOE694insensitive Na ϩ /H ϩ exchange, whereas at room temperature both Na ϩ /H ϩ exchange and Na ϩ -dependent HCO 3 Ϫ /Cl Ϫ exchange participate in the maintenance of steady-state pH i at room temperature. The basis for this temperature-dependent effect remains unclear. In contrast, in acutely dissociated CA1 hippocampal neurons from postnatal rats (4 -14-days), Na ϩdependent HCO 3 Ϫ /Cl Ϫ exchange appears to play a more prominent role in the maintenance of resting pH i and acid extrusion, whereas amiloride-insensitive Na ϩ /H ϩ exchange makes a lesser contribution (66) . However, the relative involvement of Na ϩ -dependent HCO 3 Ϫ /Cl Ϫ exchange in pH i regulation during metabolic stress is unknown.
One potential caveat to the use of pharmacological agents such as AICAR and CC to manipulate AMPK activity is that they have been reported to have off-target effects that could potentially affect interpretation of the results (67) (68) (69) (70) . AICAR is an adenosine analogue that is carried into cells by the equilibrative nucleoside transporter and then phosphorylated to ZMP, an AMP analogue. In the CA1 region of rat hippocampus, AICAR has been found to activate not only AMPK but also to compete with extracellular adenosine for the nucleoside transporter (67) . This results in accumulation of extracellular adenosine that activates adenosine A1 receptors, although AICAR per se does not, which in turn depresses excitatory synaptic transmission (67) . Therefore, in principle, an AICAR-mediated reduction in synaptic activity might lead to elevated pH i not only through activation of an AMPK-NHE5 pathway but also by reducing energy consumption and the generation of metabolic acid. Likewise, the AMPK antagonist CC, which acts as a competitive inhibitor of ATP binding to AMPK, also inhibits the adenosine transporter (71) as well as other unrelated protein kinases, including ERK8, MNK1, PHK, MELK, DYRK, FIGURE 14 . Effect of the NHE antagonist HOE694 on pH recovery from an intracellular acid load in mouse primary hippocampal neurons. Primary cultures of mouse hippocampal neurons (14 -21 days in vitro) were grown on 12-mm coverslips and loaded for 15 min with the pH-sensitive fluorescent dye BCECF-AM (50 M). Coverslips were placed into a Live Cell Instruments magnetic chamber and incubated with HEPES-buffered ACSF (contains 126 mM NaCl). The cells were examined at 37°C using a Zeiss LSM710 confocal microscope. A, ACSF was perfused onto the cells at ϳ2 ml/min for 1 min prior to acid loading with NH 4 Cl. Following NH 4 Cl treatment, the cells were allowed to recover in Na ϩ -rich ACSF medium containing increasing concentrations (10 -1000 M) of the NHE-specific antagonist HOE694 as indicated, or in some cases ACSF medium where the NaCl was substituted with molar equivalents of choline chloride (i.e. 0 mM NaCl). The rate of pH i recovery following acidification was monitored as a function of time. B, steady-state pH i of cultured hippocampal neurons was monitored as a function of time following addition of diluent (control) or increasing concentrations of HOE694. The data represent the mean Ϯ S.E. of three independent experiments, with ϳ10 cells per experiment.
HIPK2, Src, and Lck (70) . Hence, the ability of CC to block the effects of AICAR on the AMPK-NHE5 pathway in neurons might be due to reduced uptake of AICAR in addition to inhib-iting AMPK activity, although the net effect would be the same. CC inhibition of other kinases might also impact this signaling pathway, although at present there is no evidence to implicate FIGURE 15 . Activation of AMPK stimulates the plasma membrane accumulation of native NHE5 and regulation of intracellular pH in cultured hippocampal neurons. Primary cultures of mouse hippocampal neurons (14 -21 days in vitro) were grown on 12-mm coverslips and untreated (A) or treated with (B) AICAR (1 mM) or (C) AA (1 g/ml) for 1 h prior to fixation and immunolabeling for endogenous NHE5 using a rabbit polyclonal isoform-specific NHE5 antibody. Images were obtained by confocal microscopy. The scale bar represents 10 m. D-G, primary cultures of mouse hippocampal neurons were loaded for 15 min with the pH-sensitive fluorescent dye BCECF-AM (50 M) in either 10 mM HEPES-buffered ACSF (D and E) or 22 mM sodium bicarbonate-buffered ACSF (F and G) perfused with 5% CO 2 balanced with air. Intracellular pH was measured as described under "Experimental Procedures." Intracellular pH in the somatodendritic region of cultured hippocampal neurons was monitored as a function of time following addition of (D and F) diluent, AICAR (1 mM), AICAR plus CC (20 M) or AICAR plus HOE694 (1000 M) and (E and G) diluent, AA (1 g/ml), AA plus CC (20 M), or AA plus HOE694 (1000 M). The data represent the mean Ϯ S.E. of 3-4 independent experiments, with at least 10 different cells per experiment. their involvement. We have attempted to minimize some of these concerns by activating AMPK by an alternate means independent of nucleoside uptake, such as by inducing metabolic stress with the mitochondrial inhibitor AA. This also activates NHE5, an effect that was blocked by CC. However, perhaps the most compelling evidence in support of an AMPK-NHE5 pathway are the mutations that abolished phosphorylation of the proximal AMPK recognition site in NHE5 and prevented AAinduced increase in NHE5 surface expression and activity in AP-1 cells. Future experiments that manipulate AMPK expression in neurons by gene knock-out or siRNA knockdown approaches should provide more definitive proof and are ongoing.
Our findings implicate a role for AMPK and NHE5 in protecting hippocampal neurons from acidosis during episodes of metabolic stress. Cellular insults such as hypoxia-ischemia decrease not only cellular ATP levels but also induce anaerobic glycolysis that produces a pronounced lactic acidosis followed by H ϩ extrusion and external acidification. In turn, this leads to excess accumulation of Na i ϩ (via the Na ϩ /H ϩ exchanger) and Ca 2ϩ i (via the Na ϩ /Ca 2ϩ exchanger acting in reverse mode) (72) (73) (74) , which if sufficiently severe, can lead to neuronal and glial cell death (9, (75) (76) (77) (78) . Hippocampal pyramidal neurons are especially susceptible to damage from hypoxic-ischemic episodes (79 -82) . However, mild acidosis during less severe energy stress or seizure has been proposed to have protective effects by inhibiting the conductances of various pH-sensitive neurotransmitter-and voltage-gated ion channels (2) (3) (4) (83) (84) (85) , thereby limiting Ca 2ϩ overload and damping membrane excitability associated with excitotoxicity, while at the same time permitting the gradual restoration of intra-and extracellular pH to resting values. With regard to the latter, Diarra et al. (86) demonstrated that exposure of cultured postnatal rat hippocampal neurons to acute chemical anoxia induced a triphasic change in pH i consisting of an initial fall, subsequent rise, and further increase upon the return to normoxia, and implicated NHE activity as a contributing factor in the post-anoxic restoration of pH i . Our measurements of pH i in metabolically stressed cultured neonatal mouse hippocampal neurons complement and extend these earlier findings by showing that the gradual pH i recovery following acidification is likely dependent, at least in part, on AMPK and the recruitment/retention of NHE5 at the cell surface.
Various depolarizing stimuli are also known to cause an influx in Ca 2ϩ that is also accompanied by a significant decrease in pH i in hippocampal neurons as well as other nerve cells, followed by active extrusion of excess H ϩ over several minutes to restore pH i (87) (88) (89) (90) (91) (92) (93) . More recently, Diering and colleagues (25) extended these observations by showing that NMDA receptor-induced neural activity initiates a modest acidification of dendritic spines (i.e. the postsynaptic compartment) of cultured rat fetal hippocampal neurons over a 5-10-min period, followed by a time-dependent alkalinization of spine pH i that reached a new steady-state level (i.e. pH i ϳ 7.6) significantly above resting values (i.e. pH i ϳ 7.2). Notably, this increase was dependent on the recruitment of NHE5 to the membrane surface of dendritic spines and was also found to suppress activitydependent growth of spine density and size. It was proposed that NHE5-mediated alkalinization of the dendritic spine produces a concurrent acidification of the synaptic cleft, which may serve as an autocrine feedback mechanism to regulate pHsensitive proteins on the pre-and post-synaptic membranes, such as voltage-gated Ca 2ϩ channels and NMDA receptors, respectively. How activation of NMDA receptors stimulated this translocation process was not examined. However, it is tempting to speculate that this may involve activity-dependent activation of AMPK, as has recently been described in hippocampal neurons (94) . Activity-driven increases in intracellular Ca 2ϩ can activate AMPK indirectly by stimulating its upstream regulator CaMKK␤, which is highly abundant in brain (95) . Moreover, a CaMKK␤/CaM-kinase I/␤PIX signaling pathway has been implicated in the promotion of spine growth and synaptogenesis in hippocampal neurons (96) . Hence, CaMKK␤ may serve as a common regulatory hub that counterbalances the NMDA-induced spine growth promoting effects of the CaMKK␤/CaM-kinase I/␤PIX signaling cascade versus the potential suppressive effects of a CaMKK␤/AMPK/ NHE5 pathway.
In conclusion, we have demonstrated that AMPK directly binds and phosphorylates NHE5, which promotes its accumulation at the cell surface to regulate cytoplasmic pH. Overall, our data reveal a new signaling pathway for integrating pH i homeostasis with energy metabolism in hippocampal neurons and potentially other nerve cells in response to metabolic stressors such as hypoxia-ischemia, and may also play a role in regulating pH i during prolonged neural activity.
